Crystalline and amorphous TiS 3 active materials were prepared. The all-solid-state lithium secondary batteries with crystalline and amorphous TiS 3 showed the initial discharge capacity of about 560 mAh g ¹1 , corresponding to the theoretical capacity of TiS 3 . However, the battery using crystalline TiS 3 had an irreversible capacity at the 1st cycle. The battery showed the reversible capacity of about 400 mAh g ¹1 from the 2nd to 10th cycle. On the other hand, irreversible capacities were not observed for 10 cycles in the battery with amorphous TiS 3 . The structural changes of crystalline and amorphous TiS 3 were observed by XRD and HR-TEM during cycling. Crystalline TiS 3 became partially amorphous during the cycling. Amorphous TiS 3 maintained amorphous state for 10 cycles and thus had the better cyclability compared to crystalline TiS 3 .
Introduction
Rechargeable lithium-ion batteries have been used as key devices for portable equipments including cell phones and laptops because the batteries have high volumetric and gravimetric energy density. 1),2) Recently, larger lithium-ion batteries have been attracting much attention because of their application to electric vehicles (EV) and plug-in hybrid electric vehicles (PHEV). Therefore, lithium-ion batteries with high safety are desired as large-scale batteries. Safety is one of the most important issues to improve lithium-ion batteries. All-solid-state lithium batteries using inorganic solid electrolytes removes safety hazards associated with fire and explosion. For realizing the all-solid-state batteries, solid electrolytes with high lithium-ion conductivities are needed. Recent reports have described that sulfide-based solid electrolytes such as Li 10 GeP 2 S 12 crystals and Li 2 SP 2 S 5 glass-ceramics have high lithium-ion conductivities of 1.2 © 10 ¹2 and 1.7 © 10 ¹2 S cm
¹1
, respectively, at room temperature.
3), 4) Those values are as high as the conductivities of conventional organic liquid electrolytes.
Crystalline TiS 3 (c-TiS 3 ) particles have been studied as a positive electrode material in liquid-type lithium cells. 5)7) c-TiS 3 has a higher theoretical capacity of 556 mAh g ¹1 than TiS 2 crystal (240 mAh g ¹1 ). The liquid-type cell with c-TiS 3 exhibited high capacities of ca. 350 mAh g ¹1 for an initial few cycles, although the capacity decreased drastically after the fifth cycle.
7) The difference in cyclability between TiS 2 and TiS 3 crystals has not been clarified. A possible reason reported is the structural deterioration of c-TiS 3 during cycles in cells with organic liquid electrolytes. 7) To improve the cycle performance, we propose two approaches. One is the use of solid electrolytes. Because the dissolution of intermediate lithium polysulfides formed during the LiS battery operation into organic liquid electrolytes would be inhibited. Actually, the all-solid-state batteries with sulfur electrodes showed the excellent cycle performance. 8) The other is the amorphization of electrode active materials. We have already reported that amorphous TiS 3 (a-TiS 3 ) and amorphous MoS 3 (a-MoS 3 ) showed high reversible capacity and excellent cyclability in allsolid-state batteries. 9)12) Moreover, other researchers also have reported that the batteries with the organic liquid electrolytes and the solid electrolytes using amorphous electrodes.
13)21) For example, Machida et al. reported that the a-V 2 O 5 exhibited better rechargeability than c-V 2 O 5 .
13) The chemical diffusion coefficient of V 2 O 5 was also increased by amorphization. Moreover, a cointype cell with a-MoO 2 electrode showed particularly higher capacity and better rate capability than the cell with c-MoO 2 .
14)
Ku et al. reported that the cell performance was improved because the structural defects in a-MoO 2 acted as a Li + storage site. Therefore, amorphization of active materials is effective for batteries with the organic liquid electrolytes and the solid electrolytes. We have already reported that the all-solid-state batteries with sulfide solid electrolytes using a-TiS 3 showed the better cyclability than the c-TiS 3 batteries with organic liquid electrolytes. 9),10) However, we have not compared the electrochemical properties of a-TiS 3 with those of c-TiS 3 in the all-solidstate lithium batteries. The microstructural changes of a-TiS 3 and c-TiS 3 electrodes during cycling are important for understanding electrochemical performance of the batteries.
There are many observation techniques to examine the microstructures of electrode active materials. In this study, we focus on transmission electron microscope (TEM). TEM observation of the Li 2 S electrodes in the all-solid-state batteries revealed that the crystalline Li 2 S nanoparticles were changed to the amorphous sulfur by delithiation. 22) Very recently, we have investigated the structural changes of a-MoS 3 during chargedischarge process by high-resolution TEM (HR-TEM).
12) The HR-TEM observations of a-MoS 3 electrodes during cycling revealed that amorphous structure of MoS 3 mostly retained during chargedischarge processes. The results of HR-TEM observations suggested that the reversible structural changes of a-MoS 3 occurred during chargedischarge process. As mentioned above, TEM observation is powerful techniques to reveal the microstructural changes of the electrode active materials before and after charge discharge measurements.
In this study, we have firstly compared electrochemical properties of amorphous and crystalline TiS 3 positive electrodes in allsolid-state lithium batteries. Microstructures and morphologies of a-TiS 3 and c-TiS 3 electrodes before and after chargedischarge measurements were investigated by XRD and HR-TEM.
Experimental
Crystalline TiS 3 (c-TiS 3 ) positive electrodes were prepared by the solid-phase method. 23) Titanium metal (99.9%; Kojundo Chemical) and sulfur (99.98%; Aldrich) were used as starting materials. The atomic ratio of Ti to S in the starting mixture was 1:3. Titanium metal and sulfur were mixed and put into a carbon coated quartz glass ampule and then sealed under vacuum. The glass ampule was heated at 500°C for 8 days. After furnace cooling, c-TiS 3 was obtained.
On the other hand, amorphous TiS 3 (a-TiS 3 ) electrode active materials were prepared using the mechanical milling method. c-TiS 3 prepared by the solid-phase method was mechanically milled at ambient temperature using a planetary ball mill apparatus (Pulverisette 7, Fritsch) with an zirconia pot (volume of 45 ml) and 500 zirconia balls (4 mm in diameter). The rotational speed was set to 370 rpm. The milling time was 40 h.
X-ray diffraction (Cu K¡) of the prepared samples was measured using a diffractometer (UltimaIV, Rigaku). The morphology of the prepared samples was observed using scanning electron microscope (SEM, JSM-5300, JEOL) and a highresolution transmission electron microscope (HR-TEM, JEM-2100F, JEOL).
All-solid-state electrochemical cells were fabricated as follows. The 80Li 2 S·20P 2 S 5 (mol %) solid electrolyte was prepared by the mechanical milling and then heated at 210°C for 1 h.
24) The a-TiS 3 and c-TiS 3 were used as active materials. The working electrode was prepared by mixing of the active materials, the 80Li 2 S·20P 2 S 5 solid electrolyte and acetylene black with the weight ratio of 40:60:6. The obtained working electrode (10 mg) and the solid electrolyte were placed in polycarbonate tube (10 mm in diameter) and pressed together under 360 MPa. A LiIn alloy was put on the solid electrolyte layer as a counter-reference electrode. Then pressure of 120 MPa was applied to the threelayered powder-compressed pellet. Finally, two electrode cells sandwiched by two stainless-steel disks were obtained as a current collector. All processes described above were conducted in a dry Ar filled glove box. The electrochemical tests were conducted at 25°C in Ar atmosphere using a chargedischarge measuring device (BTS-2004, Nagano Co.). Chargedischarge tests were conducted in a dry Ar atmosphere at 25°C. To analyze the structure of the working electrode, XRD measurements and HR-TEM observations for the working electrode before and after the initial chargedischarge were done. For HR-TEM observations of the working electrodes using a-TiS 3 and c-TiS 3 before and after chargedischarge, the cells were disassembled and then a-TiS 3 and c-TiS 3 composite electrodes were scratched in an Ar filled glove box. The obtained powders were placed on a grid for TEM observation without any ion-milling treatments. These powders were packed in a folder to maintain inert atmosphere, and were then transferred to a TEM apparatus. Figure 1 shows the XRD patterns of the c-TiS 3 prepared by the solid-phase method and a-TiS 3 prepared by ball-milling from c-TiS 3 . The peaks attributable to c-TiS 3 (JCPDS: 080-0924) were observed before ball-milling. On the other hand, the intensity of the peaks attributable to c-TiS 3 were not observed after milling for 40 h. A halo pattern was obtained. These results suggested that a-TiS 3 was prepared by mechanical milling from c-TiS 3 . HR-TEM observation was conducted to clarify microstructures of the c-TiS 3 and a-TiS 3 . HR-TEM images of c-TiS 3 (a) and a-TiS 3 (b) are shown in Fig. 2 . The electron diffraction patterns obtained from HR-TEM images are also shown in the inset of Fig. 2 . The TEM image of the sample prepared by the solid-phase method showed periodic lattice fringes attributable to c-TiS 3 . The electron diffraction pattern showed the strong spots identified to cTiS 3 . However, the periodic lattice fringes were not observed in HR-TEM image of the milled material. It suggested that the milled material did not have fine crystals with nanometer size. The diffraction pattern also supports the prepared titanium sulfide is amorphous. It is concluded that a-TiS 3 was synthesized by milling of c-TiS 3 . Figure 3 shows the SEM images of c-TiS 3 (a) and a-TiS 3 (b). Before milling, c-TiS 3 consisted of needle-like TiS 3 particles of about 2¯m in size. This particle shape was similar to that reported in the literature. 9) After milling for 40 h, secondary particles of several¯m in size, which were formed by agglomeration of submicron-sized particles, were obtained in the milled sample. Figure 4 shows (a) the initial chargedischarge curves and (b) the cycle performance of all-solid-state cells LiIn/80Li 2 S· 20P 2 S 5 glass-ceramic/c-TiS 3 or a-TiS 3 . Chargedischarge measurements of the cells were conducted at the current density of 0.064 mA cm ¹2 (C/40) at 25°C. In Fig. 4(a) , the right side ordinate axis represents the electrode potential vs. Li + /Li, as calculated based on the potential difference between the LiIn and Li electrode (0.62 V). The initial discharge capacity of the cell with c-TiS 3 was about 556 mAh g
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¹1
, which was the same as the theoretical capacity of c-TiS 3 (556 mAh g
; the capacity corresponding to the insertion of 3 mol Li to TiS 3 ). However, the irreversible capacity was observed at the initial charge process. The possible reason of the irreversible capacity observed is the structural deterioration of TiS 3 crystal reported in the literature. 7) We analyzed the structural changes of c-TiS 3 after cycle tests and will be discussed later. On the other hand, a-TiS 3 showed the reversible capacity of about 556 mAh g ¹1 for the initial charge discharge process.
The cycle performance of the cells with c-TiS 3 and a-TiS 3 are shown in Fig. 4(b) . The cell using c-TiS 3 showed the reversible capacity of about 400 mAh g ¹1 for 10 cycles at the current density of 0.064 mA cm
¹2
. The reversible capacity decreased with increasing the current density. The reversible capacity of the cell with c-TiS 3 exhibited about 320 mAh g ¹1 at the current density of 0.13 mA cm
. On the other hand, the cell with a-TiS 3 showed the higher reversible capacity than the cell with c-TiS 3 . The reversible capacity of the cell using a-TiS 3 was about 550 mAh g ¹1 for 10 cycles at the current density of 0.064 mA cm
and 500 mAh g ¹1 at the current density of 0.13 mA cm ¹2 . This suggests that a-TiS 3 electrode active materials retained higher reversible capacities than c-TiS 3 .
The XRD patterns for working electrodes of c-TiS 3 before and after the 10th charge test are shown in Fig. 5(a) . Silicon was used as an internal standard in XRD measurements. The Li 2 SP 2 S 5 solid electrolyte used in this study partially included Li 2 S crystal and thus the peaks attributable to Li 2 S were observed slightly in the XRD pattern for the electrode after the 10th charge. The XRD peaks attributable to c-TiS 3 were not observed and Li 3 TiS 3 peaks were observed after the 10th charge process. The reason of the disappearance of c-TiS 3 peaks in XRD would be amorphization of c-TiS 3 during cycles. HR-TEM observation was conducted to clarify the microstructures of c-TiS 3 electrode after the 10th charge. Figure 5(b) shows the HR-TEM image of c-TiS 3 electrode active material after the 10th charge. The HR-TEM image partially showed amorphous areas (yellow dot ring).
The XRD patterns of a-TiS 3 electrodes before (a), after the initial discharge (b), after the initial charge (c) and after the 10th charge (d) are shown in Fig. 6 . Silicon was used as an internal standard in XRD measurements. The Li 2 S in the Li 2 SP 2 S 5 solid electrolyte was observed in the XRD patterns for the electrodes. A halo pattern was mainly observed and new crystalline peaks were not observed during 10 cycles. The XRD pattern of the working electrode after the 10th charge measurement was similar to that before the measurement. The XRD measurements revealed that a-TiS 3 maintained its amorphous structure for 10 cycles.
HR-TEM observations were carried out to clarify microstructures of the working electrodes. Figure 7 shows the HR-TEM images of a-TiS 3 electrodes after the 1st discharge (a), after the 1st charge (b) and after the 10th charge (c). The electron diffraction patterns obtained from HR-TEM images are respectively shown in the inset of the HR-TEM images. The HR-TEM images after chargedischarge tests showed no periodic lattice fringes, indicating that the a-TiS 3 electrode for 10 cycles did not have fine crystals with nanometer in size. All the diffraction patterns were halo pattern. Therefore, the most part of a-TiS 3 electrode after chargedischarge measurements maintained the amorphous structure. Based on the results of the structural analyses, the structure did not change greatly during charge discharge cycles.
Finally, we discuss the relationship of the capacity and structural changes of c-TiS 3 and a-TiS 3 . In the case of c-TiS 3 , the XRD peaks of c-TiS 3 were not observed after the 10th charge, because amorphization occurred during chargedischarge process. The diffraction peaks due to Li 3 TiS 3 , which is formed after the discharge process (lithiation process), were still observed after the 10th charge process (delithiation process). From the HR-TEM observation, the amorphous areas in the c-TiS 3 were formed. These irreversible structural changes of c-TiS 3 during chargedischarge tests might be responsible for the irreversible capacity at the initial cycle. On the other hand, partial amorphization of c-TiS 3 would contribute to good cyclability from the 2nd to 10th cycle.
The cells with a-TiS 3 showed the higher reversible capacity and better cyclability, compared to the cells with c-TiS 3 . Because the reversible structural changes of a-TiS 3 during charge discharge cycles were observed in XRD and HR-TEM. Therefore, a-TiS 3 electrode active materials are more attractive electrodes than c-TiS 3 . Amophization of TiS 3 electrodes is effective in developing all-solid-state lithium batteries with higher reversible capacity and better cyclability.
Conclusions
Crystalline TiS 3 (c-TiS 3 ) was prepared by the solid-phase method. The TEM image of the c-TiS 3 showed periodic lattice fringes attributable to c-TiS 3 . Amorphous TiS 3 (a-TiS 3 ) was prepared by mechanical milling of c-TiS 3 . The periodic lattice fringes were not observed in HR-TEM image of a-TiS 3 and the electron diffraction pattern showed Debye rings without diffraction spots.
The initial discharge capacity of the cell with c-TiS 3 was about 556 mAh g ¹1 . However, the irreversible capacity was observed at the initial cycle. The cell using c-TiS 3 showed the reversible Fig. 6 . XRD patterns of a-TiS 3 electrodes before (a), after the initial discharge (b), after the initial charge (c) and after the tenth charge (d). capacity of about 400 mAh g ¹1 for 10 cycles at the current density of 0.064 mA cm
¹2
. On the other hand, the cell with aTiS 3 had the initial reversible capacity of about 556 mAh g ¹1 and retained the capacity of about 550 mAh g ¹1 for 10 cycles at the current density of 0.064 mA cm
. The irreversible structural changes of c-TiS 3 in all-solid-state cells were observed in XRD measurement and HR-TEM observation. This might be a main reason for the irreversible capacity observed at the initial cycle. Partial amorphization of c-TiS 3 during cycles was observed by HR-TEM and this would contribute to good cyclability except for the initial cycle. The cell using a-TiS 3 kept the better cyclability compared to the cell using c-TiS 3 . Microstructure of a-TiS 3 observed by HR-TEM did not largely change within the initial few cycles. Therefore, amorphization is effective in improving cycle performance of TiS 3 electrode active materials.
